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LEE G. DENEAULT, MS, MICHAEL R. PINSKY, MD
Pittsburgh, Pennsylvania
Objectives . The purpose of this study was to evaluate left
ventricular
performance by on-line pressure-area relations using
ec iogra automated border detection in the in situ
canine heart in a manner similar to pressure-volume analyses .
Background. Echmardlographk automated border detection
can measure ventricular cavity area as an index of volume and
may be interd with pressure to construct pressure-area loops
on-line.
Methods- ' kt Itttize3 open chest dogs had simultaneous
measurement of ventricular pressure, aortic flow and ventric-
ular short-axis area . Pressure-area loops were construe by a
computer workstation interd with the ultrasound system .
Stroke ( - Minimal area) and stroke force
(fP dA (P = pressure; A = )) values during inferior venn cava
(a = 8) and aortic (n = 4) occlusions were coo with stroke
volume and estimates of stroke work, respectively . Iootropic
elation was induced with dobu ine infusion (2 to 5 g
body weight per min), followed by propranolol infusion (2 to
5 org). End-systolic and maximal elastance and preload re-
crultable stroke force (stroke force versus end-diastolic area) were
derived for each period.
Results. Changes in stroke area and stroke force were signifi-
Analyses of left ventricular pressure-volume relations are
useful to characterize the complex determinants of ventric-
ular performance, including preload . afterload and contrac-
tile state (1-13) . A major limitation of determining these
relations has been the acquisition of on-line volume data in
the intact heart . Previous radiographic or standard echocar-
diographic techniques to measure left ventricular volume
have relied on tedious frame by frame analysis, often requir-
ing manual tracing of the endocardial border (13-15) . Sono-
micrometry and conductance catheter techniques have pro-
vided continuous estimates of volume throughout the
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tly correlated with changes in stroke volume and estimates of
stroke work during canal occlusion (n = 9) (r = 0 .87 ± 0.02,
SEE= 8± 1% and r= 0. ±0.03, SEE =8±2%,
respectively) . In dogs with aortic occlusion (n = 4), changes in
stroke area significantly correlated with changes in stroke volume
for pooled data (r = 0.84, SEE = 8%, y = l,Os + 3). Ventricular
performance increased with dobutatnine infusion (n = 7) : end-
systolic etastance 30 ± 11 to 67 t 24 m m }glom' (p < 0.02 vs.
control values); maximal elms ce 37 ± 11 to 82 ± 26 mm Oglcm`
(p < 0.02 vs . control values); prel m-ecruitable stroke force
31 ± 24 to 197 ± 92 Hg (p < 0 .02 vs . control values).
Decreases occurred with propranolol infusion (n = 5) end-systolic
e ce 20 ± 4 to 13 ± 4 m Hglcsax (p < 0 .002 vs. control
values); maximal elastance 29 ± 8 to 15 ± 5 nun Hg/crn 2 (p <
0,002 vs . control values) ; preload recruitabie stroke force 66 ± 14
to 40 # 9 mm Hg (p < 0 . 2 vs. control values).
Conclusions . On-fine pressure- relations are a potentially
useful means to assess left ventricular performance in a manner
that is quantitatively similar to the predicted responses of pres-
sure-volume relations .
(d Am Coll Cardiol 1994a3 :242-52)
cardiac cycle (8-12 .16). However, these invasive methods
are impractical in many clinical and investigational settings .
Echocardiographic automated border detection is a new
technique that is capable of continuously measuring left
ventricular cavity area on-line by differentiating the acoustic
backscatter characteristics of blood from myocardial tissue
within an operator-defined region of interest (17-19) . This
area waveform signal may be recorded and displayed on a
computer workstation through a customized hardwarei
software interface with the ultrasound system (20) . Recent
studies have shown a predominantly linear relation between
changes in left ventricular cross-sectional area measured by
automated border detection and changes in volume within
the physiologic range (20-22) . These area data may be
combined with simultaneous pressure data to construct and
display pressure-area loops in real time, potentially provid-
ing an on-line method to assess ventricular function in a
manner similar to pressure-volume relations . Accordingly,
the objectives of this study were to determine the ability and
limitations of on-line pressure-area loops t) to assess left
0735-10971941$6.00
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ventricular responses to rapid alterations in loading by
comparing these measures to simultaneous estimates of
pressure-volume loops constructed from pressure and ejec-
tion volume data . and 2) to determine the contractile state
during pharmacologic inotropic modulation using pressure-
area relations .
Methods
Preparation. Eight dogs weighing 21 .2 _'- 0 .6 kg (range
18.8 to 25 .8) were included in this study . The study protocol
was approved by the Institutional Animal Care and Use
Committee and conformed to the guiding principles of the
American Physiological Society and the "Position of the
American Heart Association on Research Animal Use"
adopted by the Association in November 1984 . All dogs
were anesthetized with intravenous sodium pentobarbital
(30 mg/kg body weight) . The tracheas were intubated . and
the animals were mechanically ventilated with a constant
volume ventilator (Harvard) with 5 cm H ,O positive end-
expiratory pressure and a fraction of expired oxygen of 0 .5 .
A median sternotomy was performed . The anterosuperior
portion of the pericardium was opened, and after blunt
dissection of the aortic root, a circumferential electromag-
netic flow probe was placed snugly around the aorta just
distal to the aortic valve above the coronary arteries (Caro-
lina Medical) . Stroke volume was determined by a calibrated
flow meter that integrated the flow signal on-line . A ther-
modilution pulmonary artery catheter was placed for initial
calibration of the electromagnetic flow meter . A microma-
nometer catheter (MPC-500, Millar) was advanced into the
left ventricle from the right common carotid artery . A
femoral artery catheter with multiple side holes was ad-
vanced to the proximal descending thoracic aorta to record
central aortic pressure . An adjustable ligature consisting of
surgical umbilical tape within a sliding plastic tube was
placed around the intrathoracic inferior vena cava to rapidly
occlude blood flow . In four of the dogs, a hydraulic vascular
occluder (Intermedics) was also placed around the descend-
ing aorta to abruptly alter aortic pressure. The aortic and
pulmonary artery catheters were connected to pressure
transducers (MP-50, Gould) . The electromagnetic flow sig-
nal, all pressure signals and a standard electrocardiographic
(ECG) lead 11 were simultaneously and continuously re-
corded on a multichannel recorder (Gould) and a computer
workstation (Apollo Computer Inc .) .
Echocardiography. Two-dimensional images were re-
corded using a prototype automated border detection
echocardiographic system (model 77035A, Hewlett-Packard)
(17-22) . A 2 .5-MHz ultrasound transducer was utilized for
epicardial imaging and was held stationary by a mechanical
support apparatus . This low frequency transducer was used
to maximize differentiation of the blood/tissue backscatter
characteristics and appeared to optimize automated border
detection . Contact with the epicardium was lightly main-
tained by a small, thin latex balloon filled with normal saline
GOP.CSAN ET AL .
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solution and attached to the transducer surface. The poten-
tial effects of mechanical constraints of the transducer and
support device on myocardial otion were minimized by
careful monitoring for hemodynamic evidence of compres-
sion or deformational changes on two-dimensional imaging
.
Images were recorded from the midventricular short-axis
plane using the midpapillary muscle level as an anatomic
landmark and orienting the transducer to obtain the most
circular cavity with symmetric wall thickness . This plane
was selected because of the previously demonstrated linear
relation between cross-sectional area and volume in a canine
model (20,21,23--28) . In addition, the short-axis plane was
selected to utilize the ultrasound beam angle of incidence
that would provide the maximal amount of endocardial
reflection and to avoid the mitral valve plane otion encoun-
tered in the long-axis views .
The automated border detection algorithm displayed an
estimate of the blood/tissue interface of the endocardium as
a colored line that was superimposed on the two-dimensional
image (17--19) . The threshold for the determination of this
border was manually adjusted by the overall transmit, time
gain compensation and lateral gain control features of the
ultrasound system (19) . These gain settings were set as a
compromise between lateral dropout from insufficient gain
and cavity clutter from excessive gain using visual assess-
ment of the automated border to represent the endocardium
throughout a wide range of volumes (17®19). A region of
interest was then manually drawn beyond the left ventricular
endocardial border by visual assessment to exclude the right
ventricular cavity and low density ultrasound signals that
may occur in the septa] and lateral wall regions . The area of
pixels within this region of interest that was designated as
blood was calculated from each frame and displayed as a
waveform in real time (Fig . 1) . Gain settings were readjusted
if needed to exclude the right ventricular cavity lateral
dropout from entering the region of interest during trial
inferior vena cava occlusions .
Computer workstatsooi2 . The automated border detection
ultrasound system was configured to allow direct recording
of the analog area signal through a customized hardware and
software interface . This area signal was continuously digi-
tized at a sampling rate of 150 Hz for display and storage on
a computer workstation (model DN3550, Apollo Computer
Inc .) . The acquisition system (model RTS-132, Significat)
consisted of an 80186 coprocessor card and a separate
acquisition hardware chassis . Central aortic, left ventricular,
central venous and pulmonary artery pressures were dis-
played and recorded along with aortic flow and ECG signals .
Left ventricular pressure and area signals were plotted using
customized software and graphics routines to display pres-
sure-area loops in real time . The pressure signal was plotted
with a delay of approximately 40 ms with respect to the area
signal to allow for the time required for the automated
system to calculate the area from each frame . The amount of
delay was adjusted for each run by ai=ning the point
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Figure 1 . Examples of hemodynamic and echocardiographic wave-
form data and left ventricular pressure-area loops constructed and
displayed on-line from the same dog . Left, Waveform data
. Right,
loop data from the same run . A . During inferior vena cava occlusion
.
B, During aortic occlusion 5 min later.
E
A0410 Flow (Wrn1n)
a
LeI VentftuW Pmaure Imm Hg)
17 seconds
OCCLUSION
17 seconds
RELEASE
E
0
so
0
immediately preceding isovolumic contract on on the pres-
sure waveform with the first occurrencf ; of maximal area .
Protocol. Two separate but related studies were per-
formed. The relation of pressure-area data to pressure-
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volume data was examined by comparing the pressure-area
loops to pressure-volume loops constructed from simalla-
neously recorded pressure and flow data . All measurements
were made during stable appeic intervals, with respirations
suspended at end-expiration to control for the effects of
cardiopulmonary interactions (29) . Caval occlusions to rap-
idly alter volume were maintained for approximat ,71y 5 s and
then released (Fig. IA) . Three consecutive occlusion and
release maneuvers were performed in each dog . In four dogs
the effects of sudden increases in aortic pressure induced by
aortic occlusion were analyzed (Fig . IB). These runs were
designed to ascertain whether similar decreases in stroke
volume, by either decreasing (caval occlusion) or increasing
(aortic occlusion) left ventricular volumes, would be re-
flected in similar stroke area changes .
The effects of altering contractility by inotropic modula-
tion on pressure-area relations were then investigated .
Baseline measurements and caval occlusions were per-
formed as described for an initial control period . Dobu-
tamine was immediately infused as a positive inotropic
agent at a dose sufficient to increase heart rate by >20%
(2 to 5 pg/kg body weight per min). Once steady state
conditions were achieved, a series of caval occlusion
maneuvers were repeated . A 60-min washout period fol-
lowed. To assess the overall variability between pressure-
area measurements in the same heart under the same con-
trol conditions, three successive apneic caval occlusions
were then performed . Runs were separated by >10 min
for hemodynamic variables to return to baseline values .
Baseline measurements and caval ccclasions were then
repeated for a second control period . Propranolol (2 to 5 mg
bolus) was infused as a negative inotropic agent . This dose
was titrated to decrease heart rate by >2e% . Caval occlu-
sions were then performed 5 min after the propranolol
infusions .
Data analysis . Pressure, area, flow aid ECG data were
transferred to a customized program written in ASYST
software (ASYST Software Technologies, Inc .) . Signal data
were filtered by using an inverse Fourier transform algorithm
that increases the portion of the data that is signal spectrum
and suppresses high frequency noise . This program sepa-
rated the data into cardiac cycles by determining the R wave
of the ECG with a peak detection algorithm allowing the user
to eliminate ectopic beats . Stroke area was maximal area -
minimal area . In a manner analogous to calculating stroke
work from pressure-volume loops, the area within individual
pressure-area loops was determined by integration of pres-
sure with respect to area to yield stroke force (fP dA [P =
pressure, A = area]) . Estimates of stroke work for simulta-
neous beats were made from pressure-volume loops con-
structed from the pressure and flow signals (30,31) (Fig . 2)
.
Because volume data were unavailable during diastole,
pressure-volume loops were completed using the minimal
pressure value to estimate the filling portion of the loops .
Stroke work was calculated as the area within the pressure-
volume loop (fP dV [P = pressure, V = volume]) .
GORCSAN ET AL .
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Figure 2 . Examples of simultaneous loops from the same cardiac
cycle. Left, Pressure-volume loop constructed from pressure and
flow data, with the diastolic portion estimated from the minimal
pressure . Right, Simultaneous pressure-area loop . Stroke work and
stroke force were calculated as the areas within the pressure-volume
and pressure-area loops, respectively .
Changes in stroke area and stroke force were compared
with changes in stroke volume and estimates of stroke work
in all dogs during caval occlusion and in four dogs during
aortic occlusion. Cardiac cycles with premature ventricular
ectopic beats were prospectively eliminated from analysis .
The relation of stroke work to end-diastolic volume, or
preload recruitable stroke work, has been shown (30) to be a
useful indicator of ventricular performance because of its
insensitivity to load . Estimates of preload recruitable stroke
work were made in these experiments using end-diastolic
area as an index of end-diastolic volume . The simultaneous
relation of stroke force to end-diastolic area, termed preload
recruitable stroke force, was also evaluated to apply this
physiologically relevant concept to pressure-area data anal-
ysis .
The following pressure-volume calculations were applied
to the analysis of pressure-area data during inotropic modu-
lation phases of these experiments : end-systolic elastance,
time-varying elastance and preload recruitable stroke work
(1-13,30,32,33) . Area data were substituted for volume data
for these calculations . The term elastance derived from
pressure-area data was designated E' to be distinguished
from the standard symbol for elastance (E) from pressure-
volume calculations . Determination of end-systolic
elastance, time-varying elastance for maximal elastance and
preload recruitable stroke force were automatically calcu-
lated from pressure-area data by using a customized program
written in ASYST software
The end-systolic pressure-area relation was defined by
a set of individual end-systolic points from differently
loaded beats in a manner analogous to the end-systolic
pressure-volume relation (1-8) . End-systole was determined
by the maximal pressure-area ratio (PIA) for each beat,
and the slope of these points determined an initial end-
systolic elastance and area-axis intercept (Ao) . An iterative
technique was used taking the initial area-axis intercept
to identify individual maximal PI(A - Ao) points and deter-
mine new end-systolic elastance and area-axis intercept
estimates. This was repeated until the difference between
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Figure 3
. Example of the calculation of time-varying elastancc from
pressure-area loops acquired during inferior vena cave occlusion
.
Left, Sets of isochronous pressure-area points at representative
times from the onset of systole with their correlation coefficients
from linear regression amtysis . Right, Plot of the elastance through-
out time . ER,;,,
= maximal elastance : t = time (ms)
.
subsequent estimations of the intercept was <0.01 . The
slope of the final regression obtained was used for the final
end-systolic elastance value . Time-varying elastance calcu-
lations were also automatically calculated to determine
maximal elastance . The time-varying elastance was deter-
mined every 7 ms of the cardiac cycle, beginning with the
end-diastolic point and continuing past the end-systolic
point. The time-varying elastance was derived from linear
regression of the isochronous pressure-area points of differ-
ently loaded beats using the equation E't = P(t)/[A(t) -
Ao(t)], where t = time, with the maximal value of time-
varying elastance referred to as maximal elastance (32,33)
(Fig. 3) . The preload recruitable stroke force was calculated
as the slope of the linear regression equation obtained from
the stroke force end-diastolic area relation, as previously
described .
Statistical analysis. Linear regression analysis using
the method of least squares was used to correlate percent
stroke area with percent stroke volume and percent stroke
work with percent stroke force during caval (n = 8) and
aortic (n = 4) occlusions (34) . Data were expressed as
percent to compare values with different units of measure .
Percent stroke work versus percent end-diastolic area and
percent stroke force versus percent end-diastolic area were
also plotted using similar analyses . Measurements of con-
tractility made for all inotropic conditions were compared
for simple variables using an analysis of variance for repeat
0
B
4
160 320
400
time (inset)
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maneuvers. These data were not normally distributed .
Therefore, a nenparametric U test was used to determine
whether end-systolic elastance, maximal elastance or pre-
load recruitabl2 stroke force varied between conditions (34) .
Significance is reported as p < 0.05. Data are presented as
mean value ± SD .
Results
Alterations in loading . One inferior vena cava occlusion
run from each of four dogs was eliminated because of
frequent premature ventricular beats . Simultaneous mea-
surements of stroke area, stroke volume, stroke force and
estimates of stroke work were made from 536 on-line beats
acquired from 17 caval occlusion and release maneuvers in
eight dogs . Results from individual dogs are shown in Table
1 . The correlation of percent stroke area with percent stroke
volume revealed a predominantly linear relation (r = 0 .87 ±
0.02. SEE = 8 ± 1%), and the correlation of percent stroke
force with simultaneous estimates of percent stroke work
also revealed a close relation (r = 0 .90 ± 0.03, SEE = 8 ±
2%). Pooled data representing these relations are shown in
Figure 4, A and B, with 100% representing baseline values
immediately before caval occlusion . The relation of preload
recruitable stroke force to preload recruitable stroke work
was expressed as percent stroke force versus percent end-
diastolic area and percent stroke work versus percent end-
diastolic area. respectively. Similar linear relations were
observed with very similar slopes for percent stroke force
versus percent end-diastolic area (r = 0 .93, y = 1 .32x - 32)
and percent stroke work versus percent end-diastolic area (r
= 0.90, y = 1 .12x - 17) (Fig. 4C) .
Similar simultaneous measurements of stroke area and
JACC Vol . 23, No . I
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Table 1
. fiemodynamic and Echocardiographic Relations During inferior vets Cava Occlusion and
Release
0
`No. of inferior versa cava o clusion and release maneuvers .
stroke volume were made from 150 on-line beats acquired
during eight aortic occlusions performed in four dogs . The
results correlating percent stroke area with percent stroke
volume for both aortic and caval occlusions in the same four
dogs are shown in Figure 5 . A predominantly linear relation
was also observed among variables with these interventions
140
120
100
40
20
0
	
20 40 so 80 100 120
% Stroke Volume
Figure 4. Results of pooled data from eight dogs during inferior vena
cava occlusion and release maneuvers. Absolute values are shown
with baseline as 100%. A, Relation of changes in stroke area to
simultaneously measured changes in stroke volume . L, Relation of
changes in stroke force to simultaneous estimates of changes in stroke
work. C, Simultaneous relations of preload recruitable stroke work,
estimated by changes in stroke work (SW) versus changes in end-
diastolic area (EDA) and preload recruitable stroke force or changes
in stroke force (SF) versus changes in end-diastolic area .
(r = 0,84, SEE = 817c, y = l .Ox + 3) . Variables are plotted
with 100% representing baseline values immediately before
aortic or caval occlusion .
fnoiropic modulation . Hemodynarnic and echocardio-
graphic data that resulted from isotropic modulation at
baseline apneic conditions are shown in Table 2. With
140
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Figure 5.
Results of pooled data from four dogs demonstrating the
relation between changes in stroke area by automated border
detection and changes in stroke volume during both inferior vena
cava (IVC) and aortic (Ao) occlusions. Absolute values are shown
with baseline as ham .
dobutamine infusion, significant increases in heart rate,
stroke work, fractional area change and stroke force were
observed. With propranolol infusion, significant decreases
occurred in each of these variables in addition to a decrease
in mean arterial pressure . These alterations are consistent
with the known pharmacologic effects of these agents .
Measurements of left ventricular performance made from
pressure-area loops are shown in Table 3, with examples of
each condition shown in Figures 6 and 7 . Caval occlusion
data were available in seven dogs with dobutamine infusion
and in five dogs with propranolol infusion . A consistent
pressure catheter artifact occurred with inferior vena cava
occlusion during dobutamine infusion in one dog, and three
dogs were unable to tolerate caval occlusions after proprano-
lol infusion and subsequently died after developing acute
cardiogenic shock . Significant increases in end-systolic
Tab!! 2. Baseline Hemodynamic and Echocardiographic Data (n = 8)
`p < 0.05 vs . control period I . tp < 0 .05 versus control period 2 . Values presented are mean value ± SD .
Fractional area change = stroke area divided by end-diastolic area ; PA = pulmonary artery ; RA = right atrial .
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elastarce, maximal elastance and preload recruitable stroke
force were seen with dobutamine, and significant decreases
were seen with propranol &, consistent with their respective
positive and negative inotropic effects .
Reproducibility. The reproducibility data obtained from
three successive inferior vena cava runs from each dog
under the same baseline conditions were 5 ± 14% for
end-systolic elastance, 6 ± 18% for maximal elastance and
3 ± 20% for preload recruitable stroke force. These calcu-
lations used the percent differences between repeated mea-
sures with their retained sign to show bias and overall
variability . This degree of variability in measurements of
contractility is similar to the previously reported variability
in a canine model with intact autonomic reflexes (10) .
Discussion
This study demonstrates that left ventricular performance
can be assessed using on-line pressure-area relations con-
structed
from echocardio phic automated border detection
and ventricular pressure data interfaced with a computer
workstation. The automated measurements of cross-
sectional area in the form of stroke area varied in a predom-
inantly linear relation with measured stroke volume over a
wide range of physiologic values induced by both caval and
aortic occlusions and were minimally affected by conforma-
tional changes (21,35) . Furthermore, pressure-area relations
can be analyzed in a similar fashion to pressure-volume
relations to determine the contractile state (1-13,30). The
end-systolic elastance, maximal elastance and preload re-
cruitable stroke force derived from pressure-area relations
during caval occlusions can provide a quantitative assess-
ment of left ventricular contractility .
The methods to assess contractility from pressure-area
data used in this study were adopted from methods of
pressure-volume analyses that have been shown to be pre-
dominantly independent of loading conditions and have been
suggested to provide measures of intrinsic ventricular per-
Control
Period I
Dobutamine
Infusion
Control
Period 2
Propranolol
Infusion
He; int rate (beatsimin) 132 t 17 173 ± 29* 146 ±± 8 124 ± 8t
St, oke volume (ml) 21 ± 6 27±9 25±9 17±6
Etrd-diastolic pressure (mm Hg) I I ± 5 12 t5 13±5 15±5
Mean arterial pressure (mm Hg) 123 ± 29 141 ± 50 122 ± 23 88 ± 26*
Mean PA pressure (mm Hg) 18 ± 5 26±7 23±6 22±4
Mean RA pressure (mra Hg) 5 ± 4 5±4 6±3 10±5
Stroke work (J) 0 .37 ± 0.13 0.62±0.21° 0.49±0.3 0.21±0.101
End-diastolic area (cm) 4.7 ± 1 .6 4 .6± 1 .4 5.4±2.0 5.9±2.2
Stroke area (cm2) 2 .1 ± 0.6 2.9±1 .1 2.6±0.9 2.2±0.7
Fractional area change (%) 47 ± 16 64 ± 7* 49 ± 11 39 ± 11*
Stroke force (mm Hg-cm') 231 ± 85 432 ± 211* 307 ± 148 170 ± 781
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Table 3. Assessment of Left Ventricular Contractility Using Pressure-Area Relations
formance (1-7,30) . The insensitivity to load of the end-
systolic pressure-volume relation has been best demon-
strated in the isolated heart model, as originally described by
Suga and Sagawa and coworkers (1-3) .
Cardiovascular re-
flexes induced by the stimulation of baroreceptors may be
activated by loading interventions in intact models and may
alter the pressure-volume relation (10-13)
. However,
changes in inotropic state and in the slope o'7 the end-systolic
pressure-volume relation have been found to be directly
related in animals and humans with an intact circulation
(8-16.30). The rapid alterations in preload induced by tran-
sient inferior vena cava ~ ^clusion used in this study have
been shown (8-11) to minimize the effects of cardiovascular
reflexes that may alter the pressure-volume relation .
Study limitations . A limitation of this study is the use of
a single, two-dimensional tomographic plane to reflect true
GORCSAN ET AL
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%
t e9
*p < 0 .02 vs. Control period 1
. Pp < 0
.002 vs
. control period 2 . E' es = end-systolic elastance (mm
Hg/em'-
) :
E' max = maximal elastance (mm Hg/cm -
) :
PRSF = preload recruitable stroke
force
Win
Hg) .
volume . Several investigators (19,20,22-28) have shown
a
highly linear relation between the midventricular short-axis
plane and volume
. This relation has been demonstrated in an
intact canine left ventricle over a wide range of values
induced by multiple hemodynantie alterations, including
occlusion and release of the occlusion of the inferior versa
cava, pulmonary artery and aorta (23) . This linear relation
between cross-sectional area and changes in volume has also
been shown by automated border detection in an isolated
perfused canine model, in an open chest canine model with
an intact circulation and in humans (20 .22,36)
. Our compar-
ison of the relation between changes in stroke area to stroke
volume when stroke volume was reduced by either reducing
(caval occlusions) or increasing (aortic occlusions) left ven-
tricular volume addresses the issue of accuracy directly
. If
conformational changes in cross-sectional area did not pro-
1
2
3
4
5
6
7
8
Mean
=SD
58
41
36
42
,2
38
25
31
±11
0 .92
0 .911
0 .85
0 .99
0 .97
0 .87
0 .96
0 92
±0 .05
102
109
47
51
96
108
62
82
-26'
0 .88
0 .89
0 .96
0 .92
0 .73
3 .92
-
0.89
0 .87
±0 .07
.-
43
20
33
-
27
23
29
±8
-
0.96
0 .98
0,98
-
0.98
0 .98
0 .98
±0 .01
23
14
10
20
9
IS
±5t
-
0.86
0.98
0 .99
-
0.98
0 .93
0.95
±0 .05
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portionally reflect changes in volume, then calculated stroke
areas with caval and aortic occlusions would have different
relations to measured stroke volume (35) . That they are
similar suggests that cross-sectional area by echocardio-
graphic automated border detection adequately reflects
changes in ventricular volume over a wide range of values .
Although the relations between the short-axis dimension
and true volume is linear over the physiologic range of
values, this relation becomes curvilinear with very low
volumes (<15 ml in the canine left ventricle) (19,37) . This
slight curvilinearity can be observed in Figure 4, A and B, in
this study . The alteration in the area-volume relation at low
volumes can affect the end-systolic pressure-area relation
and represents a potential limitation of this technique . The
end-systolic pressure-area relation must become sharply
curvilinear at very low volumes to explain the negative
area-axis intercept values that would be obtained by extend-
ing the line of linear regression from the pressure-area points
during caval occlusion occasionally obtained in this study
(Fig. 6 and 7) . This limitation does not appear to be of
practical significance in that the relations of end-systolic
elastance, maximal elastance and preload recruitable stroke
force were quite linear within the range of volumes studied
(Fig. 6 and 7, Table 3) . In addition, other investigators have
2 4
6 a
Area (en?)
10
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Figure 6. Examples of on-line pressure-area
loops with end-systolic pressure-area rela-
tion shown immediately before (A) and dur-
ing dobutamine infusion at 3 "lkg body
weight per min (B) . C, Tire-varying
elastance with maximal elastance (Em a%).
Note significant increases in elastance with
dobutamine throughout systole, with a
marked increase in maximal elastance .
D. Preload recruitable stroke force for the
same control period and dobutamine infu-
sion pressure-area loops . with a significant
increase during dobutamine infusion .
used echocardiographic automated border detection data in
off-line analyses to demonstrate responses of pressure-area
relations to inotropic modulation similar to those in the
present study (35,39) . The limited data available with regard
to the relation of cross-sectional area to volume in ventricles
with regional wall motion abnormalities represent an impor-
tant limitation of this technique . One may predict that
cross-sectional area may not reflect changes in volume in a
ventricle with a significant wall motion abnormality outside
the imaging plane, such as an apical aneurysm (40) . Further
studies are needed to define the limits to which this tech-
nique can be used when applied to a left ventricle with
regional dysfunction. Despite the limitations of the auto-
mated border detection method of pressure-area relations
described in this study, these measures are physiologically
significant in assessing global left ventricular contractility .
This method may potentially be applied in humans . Similar
high quality on-line echocardiographic area data can be
acquired through the transesophageal approach (22,41) .
Conclusions . Echocardiographic automated border de-
tection, coupled with measures of ventricular pressure,
allows the characterization of pressure-area relations so that
complex indexes of ventricular function may be readily
JACC Vol
. 23, No. l
January 1994 :242-52
Figure 7. Example of on-line
pressure-area
loops with end-systolic pressure-area relation
shown immediately before (A) and during
propranolol infusion of 3 mg WI. C, Time-
varying elastance with maximal elastance
(E~,, x ) . Note a decrease in elastance through-
out systole
and a significant decrease in max-
imal elastance . D, Preload recruitable stroke
force for
the same control period and pro-
pranolol infusion pressure-area
loops, with a
significant decrease during propranolol ; °ifu-
sion .
quantified . The clinical potential of this new method of data
analysis is promising but remains to be evaluated
.
We thank Andrew J . Buda . MD for critical review of this manuscript and
valuable suggestions. We also thank Christie Pritchard for organizational and
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